Despite the fact that a number of individuals present with a hypersensitive gag reflex, research in this area has been limited to clinical applications. An animal model that describes the neurologic underpinnings of the gag reflex has not been reported. Thus, the objective of the current study was to localize activated neurons in the rat medulla and to investigate their neurochemistry following mechanostimulation to the posterior pharyngeal wall eliciting a gag reflex response. Activated neurons, determined using c-fos immunohistochemistry, were observed in subnuclei of the nucleus tractus solitarius (NTS) and motor regions such as dorsal motor vagus, hypoglossal, and nucleus ambiguus. The lateral and dorsal paragigantocellular nuclei and the medial rostral ventrolateral nucleus involved in bitter taste processing, also showed robust activation. Tyrosine hydroxylase and/or choline acetyltransferase immunoreactivity was localized in many activated neurons. The results of the present study provide the first documentation of activated neurons and preliminary neurochemistry in brainstem nuclei that are unique to mechanostimulation to the posterior pharyngeal wall. Our results support postulated medullary structures involved with the gag reflex and propose new regions to be added to the circuitry model. Further, our results reveal an activation pattern within the NTS unique to the gag reflex.
INTRODUCTION
The gag reflex is considered a "simple" (i.e. short latency) reflex that protects the pharynx from unwanted material [1] . A rudimentary neurological pathway of the gag circuitry has been postulated [2] [3] [4] ; however, the specific brainstem nuclei as well as the neurochemicals involved are not well understood. Furthermore, the current depth of understanding of the mechanisms involved with the reflex does not explain the large variability (diminished to hypersensitive) in afferent processing within the general population [5, 6] , concomitant responses such as vomiting, nausea, diaphoresis, and lacrimation [7] , or reports of different degrees of efferent responses, from absent to hyperactive [5, [8] [9] [10] .
A hypersensitive gag reflex in neurologically intact children and adults within general and special populations can lead to interference with dental examinations, food avoidance behaviors, and difficulty in swallowing pills [7, [11] [12] [13] . Severe food restrictions leading to gastrointestinal issues, failure-to-thrive, and malnutrition have also been observed as a direct result of a hypersensitive gag. We have proposed the existence of a hand pressure point that, when activated, alters the afferent limb of the gag reflex in hypersensitive adult individuals, and subsequently alleviates the hypergag reflex [5] . However, the underlying mechanisms for these alterations are unknown.
*Address correspondence to this author at the Department of Speech Pathology and Audiology, Miami University, Oxford, OH 45056, USA; Tel: (513) 529-2506; Fax: (513) 529-2502; E-mail: scarbod@miamioh.edu Indeed, despite the fact that a hypersensitive gag reflex affects a number of individuals in the general and clinical populations, there is little known regarding the neurological mechanisms underlying this aberrant reflex. We recently developed a theoretical model that involves changes in the brainstem region, nucleus tractus solitarius (NTS), during development, to explain the existence of a hypersensitive gag reflex within a special population of children [14] . Yet in order to understand the underlying mechanisms in an altered gag reflex, we must first determine the basic processes involved following a pharyngeal stimulus. In the present study, we conducted experiments in adult rats to determine the location of activated neurons in the medulla following a stimulus that consistently elicits a gag reflex. We report here the existence of activated neurons in the rat medulla following mechanostimulation of the posterior pharyngeal wall and a response that, based on motor output, resembles a gag response. Further, a preliminary report describing the neurochemistry of some of the activated neurons is presented. These findings represent the first report describing the location neurons that are involved specifically in the gag reflex resulting from mechanostimulation of the posterior pharyngeal wall.
MATERIALS/METHODS

Procedures to Elicit the Gag Reflex
The procedures used in this study were approved by the Miami University Institutional Animal Care and Use Committee (IACUC). Male Sprague Dawley rats (sp. Rattus rattus; n = 12), approximately 4 months of age, were sedated with acepromazine (0.05 mg/kg) administered subcutaneously. Prior to data collection and analysis, this dosage was determined through a series of pilot studies. This dosage sedated the animal just enough to tolerate the procedure while still allowing for successful responses to stimulation of the posterior pharyngeal wall. The time frames developed for the study were adapted from Rogers and colleagues [15] .
The subject was placed in a supine position in the lap of a trained handler. Immediately preceding each stimulus, the subject was propped upright and the jaw was stabilized. Stimulation to the posterior pharyngeal wall was carried out by an individual with extensive experience in eliciting the gag reflex in human subjects. Stimulation was carried out using a 20 gauge, 1.5" curved feeding needle with an attached 2.25 mm ball (Braintree Scientific, Inc., Braintree, MA, USA) that was passed laterally along the right or left side of the oral cavity. The side of activation was randomized. A positive response was recorded when simultaneous wide jaw excursion, vigorous anterior tongue protrusion, abdominal contraction and thoracic fixation were observed. The stimulus was attempted at 30 s intervals over a 30 min testing period. This timing was chosen to provide a rest period between gag-like responses (30 s), thus minimizing any potential extinction or fatigue effects. Following an additional 30 min rest period, the animals (n=7) were sacrificed by aortic perfusion for histological analysis of the brain. Sham animals (n=3) were treated as described above except that only the hard palate just posterior to the incisors was stimulated with the feeding needle. The stimulation pattern for the sham group included intraoral stimulation in order to replicate any potential cardiovascular changes that might occur following the insertion of a foreign object (a probe) intraorally. Control animals (n=2) were housed and weighed with the other animals, but received no stimulation, and otherwise were not handled.
Animal Sacrifice and Immunohistochemical Processing and Analysis
Animals were anesthetized with an overdose of sodium pentobarbitol (125 mg/kg, administered intraperitoneally) and then perfused through the heart with 50 ml 0.9% saline followed by 250 ml of 4% paraformaldehyde (Acros Organics, Somerville, NJ, USA) in 0.1M PO 4 buffer (PB). The brain was removed and blocked 2 mm posterior to the cerebellum (to incorporate the NTS) and stored in PB until use. In preparation for sectioning, the block was placed in 30% sucrose in PB overnight. Frozen sections (45 μm) in the coronal plane were cut using a sliding microtome and stored in PB. Specific brain levels used for immunohistochemical staining were identified in adjacent Nissl-stained sections using anatomical landmarks as described in Paxinos and Watson [16] . Sections from similar brain levels were processed together and each immunohistochemical experiment included sections from both gag-like and sham treatments.
The localization of c-fos neurons was initially carried out using diaminobenzadine (DAB) immunohistochemistry. For staining of activated neurons, floating frozen sections in individually labeled vials were treated with a solution of 0.5% Triton-X and 1% normal goat serum (NGS; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) diluted in 0.1M phosphatebuffered saline (PBS) at 4 °C for 24 h. Sections were incubated at room temperature in 3% NGS-PBS for 30 min and then placed in primary antibody (rabbit anti-cfos; 1:750; EMD Chemicals, Gibbstown, NJ, USA) for 48 h at 4 o C. Following several washes with PBS, sections were incubated in goat anti-rabbit biotinylated secondary antibody (45 min; Vector Laboratories, Burlingame, CA, USA) diluted in PBS, rinsed with PBS, and incubated with Avidin-Biotin Complex (45 min; Vector Laboratories, Burlingame, CA, USA). Following rinses in PB, the reaction product was visualized using a diaminobenzadine glucose oxidase (Polysciences, Inc., Warrington PA, USA; Sigma-Aldrich, St. Louis, MO, USA) reaction. Sections were mounted on labeled glass microscope slides and coverslipped. As a control, the primary antibody was omitted in selected sections, but otherwise the sections were treated similarly.
Immunofluorescence was carried out on additional sections to simultaneously localize activated (c-fos) neurons and neurochemical markers using confocal microscopy. Two different neurochemical markers were used in this study: 1) tyrosine hydroxylase (TH), the rate limiting enzyme for catecholamine biosynthesis; 2) choline acetyltransferase (ChAT), an enzyme that catalyzes the biosynthesis of acetylcholine. The procedure was similar to the c-fos technique described above but with some modifications. Sections were treated with a solution of 0.5% Triton-X, 1% normal donkey serum (NDS; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) and then incubated at room temperature in 3% NDS-PBS for 30 min prior to application of the primary antibody. Sections then were incubated for 48 h in a cocktail of Line drawings depicting the location of activated neurons at four rostral-caudal levels of the medulla oblongata. As shown in the inset, these four Bregma levels define the rostral-caudal limits of NTS [16] . Note drawings only depict activation on one side although activation was observed bilaterally. A. The most rostral level (Level I) analyzed was Bregma -11.80 to -11.30 mm. Activated neurons were observed in subnuclei of NTS, and DPGI, as well as, ventrolateral regions such as LPGi and RVL. B. Level II, from Bregma -13.24 to -13.30 mm, showed activated neurons in the hypoglossal nucleus (12) , dorsal vagal complex (10), as well as in subnuclei of NTS, IRt, and NA. C. At Level III, Bregma -13.68 to -14.08 mm, activation was scattered in 10, as well as in subnuclei of NTS. Activated neurons also were observed in NA and RVL. D. The caudal level was taken from Bregma -14.30 to -14.60 mm. Activation was robust in Sol, nuclei of 10, 12, as well as in MdV and LRt. See Table 1 and text for details and explanation of abbreviations. Based on the atlas of Paxinos and Watson [16] .
primary antibodies (goat anti-ChAT, Chemicon AB144P, Billerica, MA, USA; 1:500; rabbit anti-c-fos, Calbiochem, San Diego, CA, USA; 1:750, mouse anti-TH, BD Transductions Laboratories, San Diego, CA, USA; 1:1000). Following washes, sections were incubated for 2 h in a cocktail of appropriate secondary antibodies (Alexa 488 donkey anti-goat; Alexa 555 donkey anti-mouse; Alexa 694 donkey anti-rabbit; all at 1:200 dilution; Invitrogen Corporation, Carlsbad, CA, USA) were diluted in PBS. Sections were rinsed with PBS, mounted on labeled glass microscope slides and coverslipped with Gel/Mount medium (Biomeda Corp, Foster City, CA, USA) and viewed using confocal microscopy.
Analysis of Activated Neurons
Medullary sections taken through the rostral caudal extent of the nucleus tractus solitarius (NTS; Bregma levels -11.00 mm to -14.60 mm; Figure 1 [13] were processed for c-fos immunohistochemistry to localize activated neurons in the gag, sham, or control animals. Positive activation was restricted to neurons showing nuclear immunostaining. Documentation of activated neurons was carried out at four rostral-caudal levels of the medulla oblongata as these levels provided the most accurate and thorough representation of the NTS subnuclei: Level I: rostral level (Bregma -11.80 to -11.30 mm; Figure 1A ), Level II, mid-medullary level (Bregma -13.30 to -13.24 mm; Figure 1B) , Level III, level of the area postrema (Bregma -14.08 mm to -13.68 mm; Figure 1C) , and Level IV, caudal level (Bregma -14.30 mm to -14.60 mm; Figure 1D ). The accuracy of each level was verified by examining the cytoarchitecture of the adjacent Nissl stained sections. Activated neurons were documented using bright field (for DAB sections) and confocal (for immunofluorescence) microscopy. Similar activation patterns were observed using both the DAB and immunofluorescence procedures. Maps of c-fos immunolabeled neurons were generated based on activation patterns that were found in the experimental animals above our sham and control groups using templates based on the atlas of Paxinos and Watson [16] , from which Figure 1 was generated. Significance testing was not considered due to the type of data we reported.
RESULTS
Stimulation of Gag Animals
Stimulation of the posterior pharyngeal wall elicited a gag reflex motor response that was characterized by simultaneous wide jaw excursion, vigorous anterior tongue protrusion, abdominal contraction and thoracic fixation. The number of gag responses per animal ranged from 16 to 24 (average= 19.6, SD 2.7) over a 30 min period following pharyngeal stimulation at 30 s intervals. Data were not collected from one of the 7 gag animals as it became progressively too sedated to respond to the pharyngeal stimulation. Sham animals showed no such response to stimulation of the hard palate just posterior to the incisors.
Location of Activated Neurons
Consistent background activation was observed in sham animals in the rostral and caudal ventrolateral medulla and the dorsal hypoglossal nucleus in more caudal levels (Level II, III, IV), DM nucleus of 10, parasolitary nucleus and DM NTS in Level II, and retroambiguus in Level IV. Comparable areas were also activated in the animals showing a gag response. Thus this pattern of activation is likely a result of the general movements and cardiorespiratory changes that took place during the experimental procedures. No activation was observed in the medulla from control, untreated animals. In addition, no activated cells were found in any sections in which the primary antibody was omitted from the staining procedure. Reported below are the specific areas of activated neurons that were observed only from animals that received mechanostimulation to the posterior pharyngeal wall, but not observed in the other conditions.
In rats in which a gag motor response was elicited, activated neurons were localized in specific medullary subnuclei of the nucleus tractus solitarius (NTS) as well as in select motor, reticular, and respiratory nuclei as described below. The maps shown in Figure 1 reveal the typical pattern of activation within these nuclei at four select rostral caudal levels through the medulla. A listing of the nuclei in which activated neurons were observed is provided in Table 1 .
In the NTS, activated neurons following the gag stimulus were located in several subnuclei (Table 1; Figure 1 ). Within more rostral medullary levels, distinct clusters of small activated neurons were observed in the ventral lateral subnucleus (SolVL; Levels I, II, III). Clusters of activation also were noted in the adrenaline (C2; Level II) and noradrenaline (A2; Level III) cells of the medial solitary subnucleus (Sol M). Activated neurons also were scattered throughout the intermediate (SolIM; Levels I, II, and III) and the dorsomedial (Sol DM; Level III) subnuclei. At more caudal levels a distinct cluster of activated neurons was observed in the nucleus of the solitary tract (Sol; Level IV), in the medial region known to contain noradrenaline cells (A2).
Neuronal activation in motor nuclei was observed throughout the medulla (Figure 1 ; Table 1 ). The nucleus ambiguus (NA) contained activated neurons at Levels I and III. Activation also was observed in the dorsal motor nucleus of the vagal complex (DM10) at more caudal levels (III, IV). At Level III clusters of activated neurons were observed in the ventral aspects of the hypoglossal nucleus (XII) with scattered activation throughout the other areas of the nucleus.
Several of the reticular nuclei showed activation as a result of the gag response. In the rostral medulla clusters of activated neurons were observed in the Botzinger complex and the adrenaline region C1 of the rostroventrolateral reticular nucleus (RVL; Level I). At this level, other clusters of activated neurons were observed in the lateral paragigantocellular nucleus (LPGi), the dorsal paragigantocellular nucleus (DPGi), and medial rostroventrolateral nucleus (MRVL). In addition, the intermediate reticular nucleus (IRt; Level II) and the ventral medullary reticular nucleus (MdV; Level IV) showed a cluster of activated neurons.
Co-Localization Studies
Co-localization studies of c-fos and ChAT (Figure 2) revealed that a majority of the activated motor neurons in NA, DM 10, and XII also showed ChAT immunoreactivity. ChAT-immunoreactive (-ir) activated neurons also were observed in DPGi (Level I) and MdV (Level I). Co-localization of c-fos with TH (Figure 3) revealed that all of the activated neurons neurons in Sol VL, Sol DM, and Sol IM (Level III) were TH-ir. A small proportion of the activated neurons observed in A2 of Sol M (Level IV) and in DPGi (Level I) also were TH-ir. Triple labeling studies for c-fos, ChAT and TH revealed that frequent activated neurons in the C2 region of Sol M were both ChAT and TH immunoreactive. In addition, activated neurons were present that did not co-localize ChAT or TH.
DISCUSSION
The results of the present study show for the first time that specific neurons in the rat brainstem are activated following mechanical stimulation of the posterior pharyngeal wall and the subsequent gag response. Using c-fos immunohistochemistry, activated neurons that participate in the gag reflex were localized in identified subnuclei of the NTS as well as in motor areas and nuclei of the ventrolateral regions of the medulla. The location of many of the activated neurons correlated relatively well with our proposed model of gag reflex connectivity, including those in the NTS, dorsal motor 10, hypoglossal nucleus, and NA. The majority of vagal and glossopharyngeal afferent information from the posterior pharyngeal wall is carried to the NTS [17] [18] [19] [20] [21] . The NTS, in turn, excites neurons in the nucleus ambiguus (NA) which then activates the pharyngeal and velar muscles (CN X) and the muscles of the tongue (via CN XII) [14] .
The presence of activated neurons in the ventral medullary reticular nucleus (MdV) of Level IV, the intermediate reticular nucleus (IRt) of Level II, and activated neurons in the LPGi, DPGi, and MRVL in the most rostral portion of the medulla oblongata (Level I) was unexpected. These regions have been implicated in cardiovascular function, analgesia, memory, and conditioned fear response. Connections to such systems may explain concomitant responses such as nausea and diaphoresis [7] and the clinical phenomenon of food refusal after only one or two episodes of gagging or gagging to visual stimuli [11, 22, 23] . These unexpected regions of activation are also similar to those reported by DiNardo and Travers [24] , who studied c-fos immunoreactivity in rats following quinine stimulation. Quinine is known as a bitter taste quality that has also produced oral projections behaviors (such as wide jaw excursion, termed gapes, and simultaneous rhythmic protrusions of the tongue) [25, 26] . Thus, it would appear that both mechanostimulation of the posterior pharyngeal wall and bitter receptors are important for airway and/or ingestion protection, regardless if from a bitter taste stimulus or a pharyngeal stimulation unrelated to feeding.
Further bitter processing and mechanostimulation share afferent processing, thus overlap is to be expected. However, because no reports of a gag reflex have been made following quinine stimulation, it appears that pharyngeal stimulation elicits a somewhat different response. Further research is needed to explore the detailed relationship between the two different stimuli and their subsequent motor responses.
The results of the present study reveal that, although regions of the NTS were activated at all medullary levels examined, not all of the NTS subnuclei showed activation. However, the pattern of activation that was observed in the NTS subnuclei seems logical based on the functional differences reported for each area. For example, SolVL has been linked to cessation of breathing [27] , Sol M to baroreceptor reflexes with a decrease in parasympathetic innervations of the heart [28] , and SolIM to laryngeal and pharyngeal sensation [21, 29] . These are activities that take place during the gag motor response [1, [7] [8] [9] 14] .
Many of the neurons in the NTS, particularly in SolDM and Sol subnuclei were also TH immunoreactive. Most of these activated neurons comprise the A2/C2 catecholamine groups previously described by others [30, 31] . These regions have been linked to homeostatic regulation of food intake [32] . In addition, portions of the rostral NTS reportedly have been linked to the melanocortin system that is involved with energy homeostasis and have specific connections to the arcuate nucleus of the hypothalamus [33, 34] . The activation in this area may be related to appetite suppression that some individuals may experience with a heightened gag response (author, personal communication). The sparcity of activated neurons in regions such as SolG, SolCe, and SolC was unexpected. These medullary areas have been implicated in gastric tone, the esophagus, and the esophageal phase of swallowing and vomiting [15, 35, 36] , and were considered likely candidate regions for activation during a gag response.
Some of the activated neurons showed ChAT immunoreactivity. The ChAT-ir neurons in the dorsal motor 10 may have been activated due to cardiorespiratory changes that result from the gag reflex (author, personal comm.). Similarly, activated neurons in the hypoglossal nucleus were likely the result of the strong patterned tongue responses observed with the gag reflex response.
It appears that the observed activation exceeds that expected in a simple gag reflex [2] [3] [4] . Other reflexes may also be elicited, such as the laryngeal adductor reflex, accounting for some of the other regions that were activated in the present study. In addition, responses related to the emetic reflex may also be activated. Our model is simplified by the fact that rats do not vomit [37] , allowing us to focus more specifically on the identification of gag activated neurons. However, other autonomic aspects of the emetic response may be activated, including the gastric motor response, increased salivary secretion, taste aversions, and elevated plasma vasopressin levels [38] . The purpose of this study was not to separate each potential physiologic response, but instead to report activated neurons following mechanostimulation of the pharyngeal wall which produced a gag motor response. Further the methodological approach that we used in this preliminary experiment only allowed us to report medullary areas that were consistently found to be activated in the animals that had stimulation to the posterior pharyngeal wall (above the control and sham), future work will explore the "degree" of activation observed within each of these levels. As we continue to explore the gag reflex, future studies will also be necessary to clearly define all of the physiologic responses that may concomitantly be involved. However, establishment of the complex physiology that may be related to the gag reflex is outside of the scope of this paper and series of experiments.
One challenge to undertaking this type of research involves the complexity of differentiating boundaries of the medullary nuclei. For example, regarding the NTS, we have noted frequent nomenclature related to rostral to caudal organization [28, 29] , while others differentiate the NTS via subnuclei [20, 39] . Because the mapping in this study required multiple levels and detailed boundary differentiation both within and outside of the NTS, we selected a single rat atlas source to as our reference guide [16] . In addition, the neurochemistry associated with certain brain regions was helpful in determining the boundaries of specific medullary nuclei. In addition, immunofluroscence techniques were very beneficial in allowing more specific delineation of nuclei at each of the levels. Organization of brainstem regions using cholinergic and adrenergic neurons to assist with mapping have been successfully reported by others [40] . Further, our findings were based on function rather than anatomic criteria and circuitry; thus some of our activation patterns (i.e. IRt, MdV) were isolated to only one or two levels rather than the entire rostral to caudal extent of a nucleus.
The results described in this report are the first to yield information regarding the location of activated neurons in the rat medulla following a gag stimulus. Although the physiological mechanisms are unknown at this time, it is clear that specific neurons in the rat brainstem are activated following mechanostimulation to the posterior pharyngeal wall. Activation within many regions (i.e. NTS, dorsal motor 10, NA) was consistent with our proposed theoretical model. However, other regions of activation such as the LPGi and MRVL were not expected and have resulted in an expansion of the detailed reflex circuitry involving the gag reflex. As we continue to explore detailed brain regions dedicated to eliciting the various actions and behaviors involved with the gag reflex, we will begin to answer the complex clinical questions regarding the underlying mechanisms involved in the hypersensitivity to the gag reflex and offer insight into the differential diagnosis of the gag reflex with appropriate treatment options.
